Purpose: Vascular factors have been suggested to influence the development and progression of glaucoma. They are thought to be especially relevant for normaltension glaucoma (NTG) patients. We aim to investigate which vascular factors, including advanced vascular examinations, better describe patients with NTG comparing to those with primary open-angle glaucoma (POAG). Methods: The Leuven Eye Study database (182 NTG and 202 POAG patients; similar structural and functional damage) was used to compute three multivariate logistic regression models: a conventional model (conventional parameters only, including vascular-related self-reported phenomena, such as migraine or peripheral vasospasm); an advanced vascular model (advanced vascular parameters only: colour Doppler imaging (CDI), retinal oximetry, ocular pulse amplitude and choroidal thickness); and a global model, in which both types of parameters were allowed. Receiver operating characteristic (ROC) curves and corresponding areas under the curve (AUC) were calculated and compared between models. Results: Patients with NTG had a higher resistive index and lower early systolic acceleration (ESA) in their retrobulbar vessels and a smaller arteriovenous retinal oxygen saturation difference. The global model (AUC 0.743) showed a significantly better discriminative ability when compared to either the conventional (AUC 0.687, p = 0.049) or the advanced vascular (AUC 0.677, p = 0.005) models. Also, the conventional and the advanced vascular models showed a similar discriminative ability (p = 0.823). Conclusion: Patients with NTG have more signs of vascular dysfunction. Clinical conventional parameters, such as asking simple vascular-related questions, combined with advanced vascular examinations provide information to better understand the value that non-IOP-related factors play in NTG.
Introduction
Glaucoma is the world leading cause of irreversible blindness, and the number of affected individuals is expected to increase by 37.5% from 2020 until 2040, with a total of 112 million patients by the end of this period (Tham et al. 2014) . The majority of patients suffer from primary open-angle glaucoma (POAG) (Tham et al. 2014) , and although most of these have values of intraocular pressure (IOP) above 21 mmHg (considered the upper threshold for normal IOP), in certain populations more than half of the patients have untreated IOP values below or equal to 21 mmHg (Sommer et al. 1991; Cedrone et al. 2008) . Already in 1857, von Graefe described this entity as lowtension glaucoma (also known as normal-tension glaucoma, NTG) in patients with characteristics of POAG and IOP values in the statistically normal range (Levene 1980) . Since then, several theories arose about the potential causes for the glaucomatous damage with normal IOP values, and the vascular dysregulation of blood supply to the optic nerve (also known as vascular theory) has received wide acceptance (Flammer et al. 2002; Mozaffarieh & Flammer 2013; Fan et al. 2015; Himori et al. 2017; Kiyota et al. 2017; Lee et al. 2017; Pircher et al. 2017) . It is known that vascular risk factors are important for the development and progression of glaucoma (Gherghel et al. 2000; Schumann et al. 2000; Satilmis et al. 2003; Flammer et al. 2013) , but seem to be more important to optic nerve damage in patients with NTG (Mozaffarieh & Flammer 2013; Fan et al. 2015) . As such, in future, the classification of open-angle glaucoma might use a set of variables, including vascular parameters, instead of focusing only on untreated IOP values.
In order to gather further knowledge in this topic, several technologies have been developed to study ocular blood flow and/or haemodynamics.
Our aim was to assess which vascular parameters, including these vascularrelated technologies, henceforth named advanced vascular examinations, would be more relevant to patients with NTG than to those with POAG with high IOP values (>21 mmHg).
Materials and Methods

Patient selection
A total of 384 glaucoma patients (202 POAG and 182 NTG) from the Leuven Eye Study (LES) were included. The LES is a tertiary-level monocentric study, based in Leuven, Belgium, and one of the largest studies conducted in glaucoma patients with the primary purpose of studying vascular parameters. The detailed methodology of the LES has been published elsewhere (Abegao Pinto et al. 2016) . In short, the diagnosis of glaucoma was defined as having characteristic optic disc damage and visual field loss. Patients with open-angle glaucoma were consecutively included and stratified based on their maximal recorded untreated IOP: POAG if >21 mmHg and NTG if equal or below that threshold. Patients with diabetes mellitus were excluded, as this pathology is a known confounder in vascular-related research. Additionally, patients were excluded if they had a history of ocular trauma or any other eye disease (including high ametropias, defined as hyperopia >4 dioptres and myopia >6 dioptres). The eye with greater glaucomatous damage was selected for the study. The data from this study come from the baseline cross-sectional evaluation performed in 2013 (Abegao Pinto et al. 2016) . Since then, a small number of patients were diagnosed with cardiovascular and neurological pathology thatwhile unknown to us then -could have been there at baseline and therefore interfered with both group assignment and the results. While minimal (<6% in both groups), we felt it would make sense to exclude those patients from this analysis and from further studies to be conducted.
This study was approved by the Institutional Review Board of the University Hospitals Leuven and adhered to the tenets of the Declaration of Helsinki. All patients signed an informed consent prior to the study evaluation.
Advanced vascular examinations -devices and parameters
Four different advanced vascular devices were used. These included the dynamic contour tonometer (Pascal Ò ; Ziemer Ophthalmic Systems, Port, Switzerland) to register the ocular pulse amplitude (OPA); colour Doppler imaging (CDI), performed with the Antares Sonoline Ò device (Siemens, Munich, Germany); retinal oximetry, acquired with the retinal oximeter T1 Ò (Oxymap ehf, Reykjavik, Iceland); and choroidal thickness, measured through a high definition (HD) 5 Line Raster using the enhanced-depth imaging (EDI) mode included in the Cirrus 4000 HD OCT Ò model (Carl Zeiss, Dublin, OH, USA; 6.5 software version). Detailed information about the measurement procedures in this study was published elsewhere (Abegao Pinto et al. 2016) .
In summary, regarding the studied parameters, through the CDI we collected the early systolic acceleration [ESA, the slope of the fastest-moving portion of the systolic wave component (Abegao Pinto et al. 2012 
Statistical analysis
In the LES, a multiple imputation (MI) approach was adopted to handle incompleteness in the data (median 5%; 25th percentile and 75th percentile 4% and 10%, respectively). This approach has been accepted by the European Medicines Agency for application in clinical trials (O'Neill & Temple 2012; Dziura et al. 2013) , and a more detailed description of the model has already been published (Abegao Pinto et al. 2016) . In short, MI (Rubin 1987; Schafer 1997; Little & Rubin 2002; Molenberghs & Kenward 2007; van Buuren 2012; Carpenter & Kenward 2013) consists of three steps. In the first or imputation step, the principle is to replace each missing values with M copies or so-called imputations. These are drawn from the predictive distribution of what is missing, given what is observed. Because values are drawn multiple times, rather than filled in once, the phenomenon that incomplete data lead to reduced statistical information is maintained, unlike with single imputation. The modeller obtains M completed data sets. In the second or modelling step, each of these is analysed separately, as if the data were complete. Thus, M estimates of the model parameters are obtained. In the third or analysis step, these M estimates are combined into a single set of parameter and precision estimates, using so-called Rubin's rules. The LES data set is imputed using a fully conditional specification approach (van Buuren 2012) using R package mice (van Buuren & Groothuis-Oudshoorn 2011). M = 100 imputed data sets were generated, and for all of the analyses, appropriate combination rules were applied in the final step of MI (Rubin 1987; Li et al. 1991; Licht 2010) .
All statistical analyses were conducted with R Ò (version 3.4.1; R Core e51 Acta Ophthalmologica 2019
Team) and SAS Ò (version 9.4; SAS Institute Inc., Cary, NC, USA). Normality was assessed with the KolmogorovSmirnov test, and a descriptive analysis of the studied variables was performed. Continuous variables were reported as mean AE standard deviation when normally distributed and median (first and third quartile) when non-normally distributed. The Kruskal-Wallis test was used to perform group comparisons. Categorical variables were reported as a proportion, and differences between groups were analysed with a chi-squared test. Statistical significance was considered when two-sided p value <0.05.
Forward selection multivariate logistic regression was performed, and three regression models were created. The first model (conventional model) contains only conventional parameters (accessible to the majority of ophthalmologists, including blood pressure (BP) and self-reported vascular-related phenomena, such as migraine and peripheral vasospasm). The second model (advanced vascular model) includes only parameters from the advanced vascular examinations. Finally, we fitted a third model (global model) where both kinds of parameters were allowed in and all variables were a priori considered equally important (for a more detailed description of all variables, see Table S1 ). Intraocular pressure (IOP) and IOP-related variables (such as ocular perfusion pressure) were excluded as IOP was the sole variable used for labelling patients as having NTG or POAG and would be highly correlated in this analysis. Also, topical medication and ocular surgeries were not allowed in the models, as they are not considered as risk factors for being in one group or the other.
Receiver operating characteristic (ROC) curves were computed for each imputed data set [with package PROC (Robin et al. 2011) ] and then combined appropriately according to Rubin's rules (Rubin 1987) . The area under the curve (AUC) was plotted (proc logistic in SAS, using the ROCCONTRAST statement, which implements the nonparametric approach of DeLong et al. (1988) and compared between the three models. Finally, for each model we calculated Youden's J statistic, which captures the performance of a dichotomous diagnostic test (where J = sensitivity + specificity À 1). The graphs were created with R.
Results
A total of 384 eyes from 384 patients were included. Baseline characteristics show an overlap between groups in terms of functional and structural optic nerve damage with significant differences in vascular-related parameters (Table 1) .
Regarding the multivariate models (Table 2) , more specifically the conventional model, we found that having peripheral vasospasm, a lower mean arterial pressure (MAP), a less negative mean deviation (MD) value and a higher cup/disc ratio makes the patient more prone to have NTG. Also, having migraine, a lower visual acuity (VA) and a higher retinal nerve fibre layer (RNFL) thickness showed a trend to discriminate patients with NTG.
As for vascular variables, a lower ESA of the CRA, a smaller arteriovenous (AV) retinal oxygen saturation difference, a higher RI of the OA and a higher EDV of the CRA are able to significantly discriminate patients with NTG.
In the global model, all the abovementioned variables show the same discriminative significance and direction, except for RNFL thickness that becomes significant and peripheral vasospasm that shows a marginal discriminative power.
Regarding the ROC curves ( Fig. 1 ), the conventional model shows an AUC of 0.687 (95% confidence interval, CI, 0.632-0.741), the advanced vascular model 0.677 (95% CI 0.606-0.747) and the global model 0.743 (95% CI 0.684-0.803). The conventional and vascular models were similar in their discriminative power (p = 0.823), while both of them underperformed when compared to the global model (p = 0.049 for the conventional model and p = 0.005 for the vascular model) (Fig. 1) .
Discussion
Vascular risk factors and optic nerve head perfusion are thought to influence all types of open-angle glaucoma. However, they probably have a greater impact in patients with NTG, who seem to be more prone to suffer from systemic vascular dysregulation and abnormal optic nerve perfusion (Mozaffarieh & Flammer 2013; Topouzis et al. 2013 ). Several studies have been conducted in glaucoma patients using different vascular-oriented devices, but combining several technologies in a large sample of a tertiary clinical centre has not yet been performed.
Normal-tension glaucoma has already been linked to a higher likelihood of suffering from migraine, peripheral vasospasm (frequently referred to as Raynaud's phenomenon) and systemic arterial hypotension (Flammer et al. 2002; Mozaffarieh & Flammer 2013) . Our study confirms these findings, reinforcing the relevance of vascular dysfunction in patients with NTG.
In our study, from the four different advanced vascular examinations performed, only the retinal oximetry and the CDI proved to have a significant discriminative ability. Regarding the CDI, while many studies have compared patients with NTG with healthy controls, only four studies have compared patients with normal-versus high-tension glaucoma (Yamazaki & Hayamizu 1995; Butt et al. 1997; Kaiser et al. 1997; Zhong et al. 2009 ). No differences were found in two of the studies (Zhong et al. 2009 ), while one found a lower PSV of the CRA, TPCA and NPCA and the other one a lower PSV of the OA in patients with NTG (Kaiser et al. 1997) . However, comparisons must be made parsimoniously as important differences in methodology exist between the studies, such as a widely variable sample size, using only untreated patients or having a similar glaucoma severity level in both groups. None of these four studies evaluated the ESA of the retrobulbar vessels. In published literature, only three studies performed such analysis, focusing only on the OA (Abegao Pinto et al. 2012; Asejczyk-Widlicka et al. 2015; Vercellin et al. 2016) . In the two studies that included patients with NTG, a lower ESA of the OA was found in comparison with healthy controls (Abegao Pinto et al. 2012; Vercellin et al. 2016 ), but not in comparison with patients with POAG (Abegao Pinto et al. 2012 ). In our study, three parameters from two different retrobulbar vessels were shown to be important in discriminating NTG from POAG (a lower ESA of the CRA, a higher RI of the OA and a higher EDV of the CRA). A lower ESA might be linked to a flow disturbance, similar to what happens in a renal artery stenosis, where a haemodynamically significant stenosis leads to changes in the shape of the waveform in the downstream arterial network, with a CCT = central corneal thickness; CRA = central retinal artery; EDV = end-diastolic velocity; ESA = early systolic acceleration; HRT = Heidelberg retinal tomography; MAP = mean arterial pressure (2/3 diastolic blood pressure + 1/3 systolic blood pressure); MD = mean defect; mRNFL = mean retinal nerve fibre layer thickness; OA = ophthalmic artery; OR = odds ratio; p = p value; RI = resistivity index [calculated as (PSVÀEDV)/PSV]; SavO 2 = retinal arteriovenous oxygen saturation; TPCA = temporal posterior ciliary arteries. Forward logistic regression (primary open-angle glaucoma, POAG = 0; normal-tension glaucoma, NTG = 1). The OR is reported for a one-unit increase in the continuous variables, except when * is present (which means per 0.1-unit increase). Statistical significance is highlighted in bold. delayed or prolonged ESA, which translates to lower acceleration values (Sung et al. 2017) . The same pathophysiology also applies for the higher RI of the OA found in our study. Regarding the EDV of the CRA, published literature, including the LES, already reported it to be lower in both POAG and NTG, when compared to healthy controls (Abegao Pinto et al. 2016) . Comparing the two glaucoma groups, we found that a higher EDV of the CRA is relevant to differentiate patients with NTG when compared to POAG (difference only significant in the multivariate models). This has not yet been reported, and we hypothesize that it might be related to arterial stiffening or a diastolic dysfunction, both features of systemic vascular dysregulation ). Overall, these findings support the theory that vascular dysfunction exists in glaucoma, but might be more pronounced or significant in patients with NTG.
As for the oximetry, it is known that glaucoma patients have a higher retinal venous oxygen saturation and a lower retinal arteriovenous oxygen saturation difference when compared to controls. Both parameters were correlated with the visual field severity level, with a positive correlation and negative correlation, respectively. As such, it has been hypothesized that these changes happen due to a lower oxygen consumption from a smaller retinal ganglion cell population Vandewalle et al. 2014) . Whether these differences are primary or secondary to ganglion cell loss remains to be answered. In our study, patients with NTG were more likely to have a smaller AV retinal oxygen saturation difference. Similar to the CDI parameters, this oximetry change had already been linked to glaucoma, but our study shows that NTG patients seem to have a lower value. As both groups showed a similar structural (RNFL) and functional (visual field MD) damage, we hypothesize that this lower arteriovenous oxygen saturation difference might indicate a dysfunction in oxygen extraction in patients with NTG. So far, only three studies have compared normal-versus high-tension glaucoma. Two of them were conducted in the same research centre and with a sample size per group lower than 42 (Cheng et al. 2016; Yap et al. 2017) . No statistically significant differences were found between patients with NTG and POAG regarding oximetry parameters, although the AV difference was lower and the venous saturation higher in the NTG group in both studies. One of the reasons for the lack of significance might be the fact that the NTG group had significantly better visual field indexes, which may have led to a lower venous saturation and a higher AV difference than it would have if both groups had a similar severity level. Also, in both studies, the populations consisted mostly of Chinese patients and included diabetics (without diabetic retinopathy), both features that are different from the LES and might confound the results. In the third study, conducted in Japan, the authors stratified 92 eyes of 92 patients according to an interhemifield total deviation (TD) difference ≤5 dB or ≥10 dB (with a similar TD range in both groups) (Shimazaki et al. 2017) . In the group with ≤5 dB difference between hemifields, patients with NTG (n = 22) had a significantly higher retinal venous oxygen saturation in the worst hemifield, while patients with POAG (n = 25) did not show any difference between hemispheres. No significant arterial saturation difference was detected. This finding supports our hypothesis of an oxygen extraction dysfunction in patients with NTG.
Finally, looking at the conventional parameters selected for the multivariate model, we can find a clinical picture that is similar to what we see in a real-life scenario, where patients with NTG are more prone to have focal rim loss, which leads to a higher vertical cup/disc ratio and higher (or less negative) MD values (Eid et al. 1997 ). This optic disc difference between both groups has already been reported in a previous publication of our research group (Willekens et al. 2017) . In the present study, neither cup/ disc ratio nor visual field MD showed a significant difference in a univariate analysis, only showing relevant significant differences when introduced in the multivariate model.
Interestingly, looking at the models, the highest OR as a discriminating factor is related to vascular-oriented questions (peripheral vasospasm and migraine). It would seem that for the purpose of discriminating between the two sets of glaucoma patients, a positive answer to each of these two questions may be worth considering in the clinic. Furthermore, it is striking that a model using only vascular-oriented parameters did not underperform when compared to the conventional model. This implies that bearing in mind vascular-oriented variables may be as valuable as assessing the known structural and functional dissimilarities between NTG and POAG. Worldwide, most physicians will not have access to advanced vascular techniques, giving the conventional, easily accessible, parameters paramount value. Our results show that simple questions and a BP measurement provide relevant information. For example, in patients where maximal IOP is not known, this information can point towards the influence non-IOP-related factors are playing, which can translate into a lower target pressure.
This study has several limitations. Although significant, the added value of the selected advanced vascular devices for everyday life is still unclear. Further studies should be made to validate these models and assess their importance in progression prediction. Topical IOPlowering medication might confound the vascular examinations' results and was not included in the regression models. However, there were no significant differences in the number of patients under IOP-lowering topical medication between the diagnostic groups. Additionally, IOP can potentially influence posterior pole blood flow (due to mechanical compression) and we did not correct for this by excluding IOP from the models. Finally, other vascular-oriented examinations (e.g. laser Doppler flowmetry, scanning laser Doppler flowmetry, laser speckle flowgraphy, Doppler OCT, OCT angiography) might provide complementary information leading to a greater improvement of the global model in comparison with the conventional one. Although most of these were not available to us, OCT angiography was acquired and is currently being used at our centre for a follow-up evaluation of these patients. Furthermore, as depicted in the LES baseline paper, it was our intention to analyse ocular blood flow using tools that are already widespread in order to make our findings as clinically useful as possible.
To the best of our knowledge, this is the first study to use several different vascular-related devices to compare a large sample size of patients with NTG and POAG.
The LES gives further support to the belief that patients with NTG suffer from a vascular dysfunction. Differences from patients with POAG span from readily available clinical information, such as having peripheral vasospasm or migraine and BP measurements, to advanced studies, such as the evaluation of the ophthalmic and central retinal arteries' haemodynamics and oxygen saturation of retinal vessels. The results also reinforce the value of asking vascular-related clinical questions to patients. Additionally, this study illustrates the added value of multimodal assessment, where the clinician uses information from complementary sources to better characterize the individual glaucoma patient. Future studies will have to validate these results and understand whether they are also relevant to predict disease progression.
